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A  METHOD  FOR  DETERMINATION  OF  CURRENT 
RATIO  AND  PHASE  ANGLE  OF  CURRENT 
TRANSFORMERS 

INTRODUCTION 

It  is  the  object  of  this  thesis  to  present 
a  new  method  for  the  measurement  of  phase  ang- 
les and  current  ratios  of  series  transformers. 
This  method  differs  from  the  numerous  other 
methods  thus  far  presented,  in  that  the  quad- 
rature current  is  introduced  in  a  very  simple 
manner  by  the  use  of  a  condenser  or  a  self-in- 
ductance, as  compared  with  the  use  of  phase- 
shifting  transformers  and  mutual  inductances. 
A  vibrating  galvanometer  was  used  for  the  de- 
tection of  a  balance,  the  balance  being  a  zero 
deflection.   The  use  of  this  form  of  galvanom- 
eter gave  a  very  sensitive  indicator,  as  com- 
pared with  the  detectors  sometimes  used.   The 
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THEORY 

Current  Ratio 

A  general  outline  of  the  method  may  be 
understood  from  Fig. la.   Two  non-inductive 
shunts  P  and  S  are  connected  in  the  primary 
and  secondary  circuits  respectively.   The 
drops  over  these  resistances  are  utilized  to 
send  current  through  the  differential  coils 
of  the  galvanometer  G.   The  construction  of 
this  coil  will  be  explained  later. 

The  two  coils  of  the  galvanometer  should 
first  be  so  connected  that  when  the  Is  *y  W  is 
raised  there  is  no  deflectioxi.   This  will  in- 
dicate that  the  current  through  the  coils  is 
as  shown  by  the  arrows.   If  the  key  is  then 
pressed  down  at  W  and  slid  along  the  wire 
until  a  balance  is  obtained  or  until  the 
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deflection  is  a  minimum,  the  two  currents  in 
shunted  circuits  will  be  equal. 

If  the  deflection  cannot  be  reduced  to 
zero  in  this  manner,  the  currents  are  not  in 
phase.   To  bring  them  into  phase,  a  condenser 
C  is  shunted  across  part  of  the  series  resis- 
tance in  the  primary  circuit  if  the  secondary 
current  is  leading,  and  in  the  secondary  if 
lagging.   J3y  this  means,  the  deflection  of  the 
galvanometer  may  be  brought  to  zero. 

Since  the  current  in  one  of  the  galvanom- 
eter coils  is  towa.ru.  the  middle  connection  and 
the  current  in  the  other  coil  is  away  from  it, 
a  balance  of  the  galvanometer  will  indicate 
that  these  currents  are  equal  and  opposite, 
hence  tnure  will  be  no  current  from  the  gal- 
vanometer to  the  slide  wire.   Therefore,  the 
key  resistance  will  not  enter  into  the  calcu- 
lations.  Since  the  condenser  reactance  is  very 
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high,  the  decrease  in  impedance  due  to  tve 
condenser  may  be  neglected.  (In  the  results 
following,  it  amounted  to  less  than  one-fif- 
tieth of  one  per  cent. ) 

Taking  the  above  into  consideration,  the 
resistance  Rp  which  shunts  the  standard  P, 
will  include  from  the  middle  point  of  the  gal- 
vanometer to  the  contact  point  of  the  slide 
wire  key,  exclusive  of  standard  shunt.   This 
may  be  considered  as  a  resistance  paralleling 

the  shunt,  and  the  resistance  of  the  parallel 

PR  SR 

combination  is  E_  in  the  primary,  and  — 2_ 

P+Rp  S+RB 

in  the  secondary. 

Calling  Ip  and  Is  the  primary  and  second- 
ary currents  respectively,  and  equating  the 
galvanometer  currents, 
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PRp 

pTrT1? 


SRc 


■:P_ 


S+Rc 


PI 


Rt 


Rs 


or 


P+Rt 


£_  = 


SI, 


S+Rs 


Phase  Angle 


Ip  _  S(Pp+P) 
Is   P(RS+S) 


The  method  used  to  bring  the  two  currents 
into  phase  was  as  indicated  in  Fig. lb. 

If  a  condenser  of  reactance  x  and  of  neg- 
ligible conductance  be  shunted  across  a  resis- 
tance rs ,  the  resultant  current  will  lead  the 
voltage  by  an  angle  a, such  that 


*x 

tan  a  =  -— -  = 


Ls 


X 

Is 
rs 


x 


o 


WAWAW 
> 


/r/^  la. 


I.  r 


X 


*s 


-AAWW\W- 
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r/G-ib 


CURRENT  RATIO  AND  PHASE  ANGLE        8 

The  overall  voltage  E  is  made  up  of  the 
voltage  Es,  which  lags  behind  Ir,  and  the  vol- 
tage r,I,  which  is  in  phase  with  the  current. 
The  tangent  of  the  angle  between  the  voltage 
E  and  the  current  I,  is  then 

Es  sin  a 

tan  9  = 


r,I,+Es  cos  a 

If  the  impedance  of  the  parallel  circuit 
x  and  rs  be  denoted  by  z,  then 

1  =  1  +  J 

72"   x^   rs2 


Z"V  i&& 

Since  tan  a  =  ^,  sin  a  =  -  rs   ;.  and 

V  rs*+x* 

cos  a  =    x  -    substituting  these  values  in 
the  formula  for  tan  6, 
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xrs2 


3  sin  a     rg^-wc^ 

tan  8  =s it— — 

r,  +  z  cos  a  r  +  x  rS 
'   rs^TxS 


xrs2 


Let  total  resistance  rt  +  rs  =  R.   Substitut- 
ing this  value  in  the  equation  above, 


tan  6  = 


R(rs2+x2)-ra3 

This  equation  may  be  written  in  the  form 


rs2 


tan  9  =  — s — R n 

x      rs^+xz 

By  substituting  X  for  3&£.  the  term  is 
made  slightly  smaller  than  it  should  be ,  the 
error  increasing  as  the  square  of  rs.   On  the 
other  hand,  if  the  term  —^—g.  be  dropped,  the 
term  (R-  Jb3   will  be  slightly  larger  than 
it  should  be ,  the  error  increasing  as  the  square 
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of  rs.  With  a  capacity  of  two  microfarads, 

l      106 
X=  — i—  =  — tz. =1326  ohms,  and  a  resis- 

2TTfc   2TT-5C-1 
tance  rs  =  50  ohms ,  the  resulting  error  will 

he  less  than  .   Making  these  changes  in 

4000 

the  formula, 

r02 
tan  6  =  £§- 

RZ 
Inductance  of  Shunts 


The  above  theory  is  developed  on  the  basis 
of  a  non-inductive  shunt.   In  reality,  it  is 
impossible  to  obtain  a  non-inductive  shunt,  al- 
though when  made  for  alternating  currents,  the 
shunts  have  a  very  low  inductance.  However, 
though  the  inductances  may  be  low,  the  ratio 
of  inductive  reactance  to  resistance  (X/R)  may 
be  relatively  high  and  may  cause  an  appreci- 
able error.   Thus,  the  inductance  of  a  etds 
and  Northrup  alternating  current  .05  ohm  shunt 
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is  given  by  Francis  B.  Silsbee  (Bulletin  of 

Bureau  of  Standards ,  7?281)  as  130xl0~9  henrys. 

This  shunt ,  when  used  on  a  60  cycle  circuit 

would  introduce  a  phase  angle  error 

6  -  tan"1  5.  =  tan'1  S^130'10'9  =  3.46- 
r  0.05 

Since  both  shunts  are  inductive,  the  errors 
due  to  this  effect  will  tend  to  neutralize  one 
another.   It  would  be  well,  however,  if  data 
are  available,  to  calculate  and  correct  for  this 
error.   This  was  not  done  in  the  figures  ob- 
tained in  this  investigation. 
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APPARATUS 

The  apparatus  used  in  the  performance  of 
tests  are  as  follows: 

Vibration  Galvanometer 
Special  coil  for  galvanometer 
Suspension  for  galvanometer 
Constant  frequency  set 
Current  step  up  transformer 
Standard  condensers 
Resistance  boxes 
Potential  transformer 
Standard  shunts 
Test  transformers 
G.E.  type  P4,  A.C.  ammeter 
Leads,  switches,  load  box,  etc. 
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Vibration  Galvanometer 

As  a  detection  instrument  a  Drysdale-Tins- 
ley  vibration  galvanometer  was  used.   This  in- 
strument consists  essentially  of  three  parts: 
1.  The  magnetizing  coils  through  which 
the  alternating  current  flows  actuating  a 
suspended  needle. 

£.  The  suspension  piece  carrying  a  light 
mirror  and  soft  iron  magnet  suspended  by  a 
silk  fibre.   The  mirror  used  in  our  case 
was  concave  with  a  focal  length  of  forty 
centimeters. 

3.  A  controlling  magnet  across  which  a 
magnetic  shunt  is  placed,  by  the  motion  of 
which  the  period  of  the  suspended  needle 
is  brought  into  resonance  with  the  frequency 
of  the  current  to  be  used. 

The  instrument  has  a  very  narrow  range  of 
resonance;  a  variation  in  frequency  of  two  per 
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cent  above  or  below  the  critical  tuning  at 
fifty  cycles  per  second  reducing  the  deflection 
by  about  eighty  per  cent.   It  is  therefore  nec- 
essary that  the  frequency  be  kept  constant  in 
order  that  a  definite  sensitivity  be  maintained. 
Using  the  coil  as  described  below  a  sensi- 
tivity of  one  millimeter  deflection  for  an  un- 
balance of  one  microampere  was  obtained  with 
the  instrument. 

Special  Galvanometer  Coil 

The  galvanometer  coil  used  was  of  a  spe- 
cial type  consisting  of  two  windings  differen- 
tially connected.   Each  winding  had  approxi- 
mately five  hundred  turns  of  number  twenty-six 
enamel  wire.   These  coils  were  made  to  fit  a 
shell  similiar  to  the  one  used  for  the  stand- 
ard coils  of  the  galvanometer.   In  order  to 
make  the  fields  produced  by  the  two  windings 


CURRENT  RATIO  AND  PHASE  ANGLE       15 

equal  and  opposite  with  the  same  current  thru 
each,  an  adjusting  turn  placed  on  the  outside 
of  the  shell  and  connected  in  series  with  one 
of  the  windings  was  used.   The  position  of  the 
plane  of  this  turn  was  moved  with  respect  to 
the  plane  of  the  winding  until  the  desired  ef- 
fect was  obtained.   The  construction  and  gen- 
eral dimensions  of  the  coil  will  be  evident 
from  the  sketches  shown  in  Fig.£. 

The  resistance  of  one  winding  was  5.341 
ohms  and  that  of  the  other  5.403  ohms. 

Galvanometer  Suspension 

Due  to  the  delicacy  of  the  mirror  suspen- 
sion the  galvanometer  is  very  suseptible  to 
vibration,  especially  if  the  vibration  has  the 
same  frequency  for  which  the  instrument  is  ad- 
justed. 

It  was  almost  impossible  to  see  the  gal- 
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variometer  indication  unless  the  laboratory  was 
darkened.   In  a  darkened  room  the  difficulty 
of  adjusting  resistances  arose. 

To  overcome  the  above  difficulties  a  spe- 
cial suspension  and  light  proof  "box  was  con- 
structed.  The  details  of  construction  and  gen- 
eral dimension  may  readily  be  seen  from  Fig. 2. 
The  galvanometer  was  placed  on  the  outside  of 
the  box  so  that  it  could  be  easily  reached  for 
adjustment.  A  lamp,  screen,  and  a  partition 
with  a  slit  were  placed  inside  the  box,  the 
lamp  filaments  and  screen  being  placed  a  dis- 
tance from  the  galvanometer  mirror  equal  to 
forty  centimeters,  in  our  case.   The  slit  was 
so  adjusted  that  an  image  of  one  of  the  lamp 
filaments  was  obtained  upon  the  screen,  and 
was  easily  seen  thru  a  small  opening  in  the 
end  of  the  box. 

The  box  and  galvanometer  were  hung  from 
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the  ceiling  by  two  suspensions,  each  of  which 
consisted  of  a  steel  spring  and  a  rubber  loop. 
This  suspension  was  very  effective  in  damping 
out  all  external  vibrations. 

Constant  Frequency  Set 

Since  the  sensitivity  of  the  galvanometer 
is  dependent  upon  the  frequency,  a  constant 
frequency  must  be  maintained  in  order  that  the 
sensitivity  remain  the  same  at  all  times.   The 
laboratory  was  equipt  with  a  constant  frequency 
set  which  was  used  as  our  source  of  power. 

This  set  consists,  in  general,  of  a  Holt- 
zer-Cabot ,  single  phase,  one-half  K.V.A. ,  75 
volt  A.C. ,  110  volt  D.C. ,  rotary  converter;  a 
starting  box;  transformer;  and  tuning  fork. 
The  details  of  connections  are  shown  in  Fig. 3. 

The  principle  of  the  operation  is  as  fol- 
lows: A  lamp  load  is  connected  to  the  alter- 
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nating  current  side  of  the  rotary  in  series 
with  contacts  made  and  broken  by  the  tuning 
fork.   If  the  frequency  of  the  rotary  is  the 
same  as  that  of  the  fork,  the  contact  will  be 
closed  at  some  particular  point  on  the  e.m.f. 
wave  and  the  lamp  will  take  a  certain  current. 
Should  the  rotary  for  any  reason  speed  up  the 
contact,  will  close  at  a  higher  point  on  the 
e.m.f.  wave,  thus  making  the  lamp  take  more 
current  which  loads  up  the  rotary  and  reduces 
the  speed.   If  the  rotary  slows  down,  the  con- 
tact will  close  at  a  lower  point  on  the  e.m.f. 
wave  and  decrease  the  load  on  the  rotary,  thus 
increasing  the  speed.   This  set  makes  it  pos- 
sible to  maintain  a  practically  constant  fre- 
quency. 
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Current  Step  Up  Transformer 

In  order  to  get  a  high  current  for  test- 
ing purposes  a  current  step  up  transformer  was 
used.   This  transformer  was  rated  to  give  2.75 
volts  on  the  secondary  with  110  volts  on  the 
primary.   This  enabled  us  to  obtain  a  high 
current  with  little  power  consumption. 

Slide  Wires 

The  low  resistance  slide  wire  used  con- 
sisted of  a  number  22  Advance  wire  connected 
to  large  binding  posts  at  each  end,  the  wire 
being  placed  upon  a  meter  stick  and  made  ex- 
actly one  meter  long.  This  slide  wire  had  a 
resistance  of  1.214  ohms  and  was  used  during 
the  entire  test. 

The  high  resistance  slide  wire  was  made 
up  of  two  number  32  Advance  wires  placed  par- 
allel to  each  other  upon  one  meter  stick.  Each 
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wire  was  connected  to  large  binding  posts  at 
the  ends,  and  the  two  wires  were  connected  in 
series.   The  combined  resistance  of  the  two 
wires  was  about  twenty- eight  ohms  (the  exact 
resistance  is  shown  on  a  following  page), the 
total  resistance  being  divided  equally  between 
the  two  wires. 

Standard  Shunts 

Shunts  haying  approximately  the  ratio  of 
transformation  (ten  to  one)  were  chosen  for 
this  test.   The  primary  shunt  was  a  Leeds  and 
Northrup  0.005  ohm  alternating  current  shunt 
rated  to  carry  a  maximum  current  of  one  hun- 
dred amperes,  while  the  seconding  shunt  was  a 
Leeds  and  ITorthrup  0.05  ohm  alternating  cur- 
rent of  twelve  amperes. 
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Standard  Condensers 

Two  one  microfarad  Leeds  and  Northrup 
standard  mica  condensers  connected  in  parallel 
were  used. 

Test  Transformers 

One  Westinghouse ,  50/5  amperes,  style 
#35591,  portable  series  transformer;  and  one 
Westinghouse,  40/5  amperes,  style  #8307A, 
switchboard  series  transformer  were  tested. 

Calibration  of  Resistances 

The  E.  S.  Greely  resistance  box,  slide, 
wires,  leads,  etc.  were  calibrated  with  a  Queen 
and  Company  Eesistance  Set  certified  to  be  cor- 
rect to  1/50  of  ifo. 
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The  results  of  the  calibration  of  the 
above  resistance  box  were  as  follows: 

Marked 
ohms 

1 

2 

2* 

5 
10 
10* 
20 
50 

*  Designates  second  2  ohm  and  10  ohm 
resistances  respectively  as  found  in  the  box. 


Measured 
ohms 

0. 

,997 

1. 

,998 

1. 

,997 

4. 

987 

9, 

,982 

9. 

979 

19. 

943 

48. 

897 
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PROCESDURE 

Scheme 

The  scheme  of  connections  of  the  constant 
frequency  set  is  given  under  the  discussion  of 
the  apparatus,  and  is  not  shown  here. 

The  current  thru  the  primary  of  the  cur- 
rent transformer  is  taken  from  a  current  step 
up  transformer  connected  to  give  about  two 
volts.   The  primary  of  this  transformer  is  con- 
nected in  series  with  a  load  box  to  the  con- 
stant frequency  set.   The  load  on  the  test 
transformer  was  a  G.E.  (0-5)  alternating  cur- 
rent ammeter.   The  condenser  was  arranged  to 
shunt  a  slide  wire,  so  that  the  shunted  resis- 
tance could  be  adjusted  to  all  values. 

The  double  throw  switch  and  auxiliary 
circuit  connected  to  it  were  arranged  to  give 
a  check  to  the  sensitivity  of  the  galvanometer. 
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By  throwing  the  switch  to  the  top,  one  gal- 
vanometer coil  was  cut  out,  and  the  other  was 
thrown  on  to  a  ten  to  one  transformer  and 
100,000  ohm  resistance,  so  that  the  current 
thru  the  coil  was  about  seven  microamperes. 
This  gave  a  deflection  of  about  seven  centi- 
meters. 

With  the  connections  all  made  as  in  Fig. 4, 
the  method  was  very  simple.   The  resistance 
box  was  adjusted  to  give  a  reasonably  low  de- 
flection, and  the  final  adjustment  was  made  on 
the  slide  wire.  When  the  resistance  was  ar- 
ranged to  give  a  minimum  deflection,  the  con- 
denser shunt  was  adjusted  to  give  a  balance. 
In  some  instances  it  was  found  necessary  to 
shift  both  slide  wires  two  or  three  times. 

The  current  in  the  transformer  was  fixed 
by  the  load  box,  the  values  ranging  from  one 
ampere  to  five  amperes,  by  one-half  ampere 
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intervals. 

The  time  required  was  about  thirty  min- 
utes for  each  run,  hut  where  several  runs  are 
to  be  made,  this  time  could  be  cut  in  half. 
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RESULTS 

Data  Sheets 

The  following  data  sheet  gives  the  results 
of  two  runs  of  tests  of  the  phase  angle  and 
current  ratio  of  a  7/estinghouse ,  50/5  amperes, 
style  #35591,  serial  #179,  portable  series 
transformer. 

The  values  of  the  resistances  A,  R,  Rp , 
and  Rg  were  calculated  as  follows: 
D  =  28.060  ohms. 
A  =  (l+£*+5+20)  ohms. 

A  =  0.997+1.998+4.987+19.943  =  27.924    ohms. 
R(lst.    5  readings)  =  D+e+d+c+l.I+K    = 

28 .  060+0 . 046+0 . 06C+0 . 014+5 . 341+K  == 
(33.517+K)  ohms. 
R(last  4  readings)  =  D+a+b+N+K  = 
28. 060+0. 026+0. 028+5. 403+K  = 
(33.517+K)  ohms. 
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R   (1st.  5  readings) =  D+e+d+c+I.l'+K  = 

28. 060+0. 046+0. 060+0. 014+5. 341+K  = 

(33.521+K)  ohms. 
R   (last  4  readings)  =  f+A+e+d+c+M+B  = 

0.012+-27.  924+0.  046+0.  060+0. 014+5.  341  +  B  = 
(33.397+B)  ohms. 
. R _  (1st.  5  readings)  =  A+a+b+N+f+B  = 

27. 924+0. 026+0. 028+5. 403+0. 012+B  = 

(33.393+B)  ohms. 
Rs  (last  4  readings)  =  D+a+b+N+K  = 

28. 060+0. 026+0. 028+5. 403+K  - 

(33.517+K)  ohms. 
C  =  2  microfarads. 
Frequency  =  60  cycles. 

*  On  data  sheet  indicates  that  connections 
were  as  in  Fig 

#  On  dat   .ieet  indicates  that  points  x 
and  y  in  Fig.'t  were  interchanged. 

bi0=   True  Rati0 


Harked  natio 
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Run  Ammeter   rs 

No.  Reading   en.  cm. 

1  0.91*      183.3  19.0 

1  1.49*      140.5  27.5 

1  1.90*      113.5  30.6 

1  £.59*        75.5  34.2 

1  2.88"        53.9  35.9 

1  3.48#        24.3  73.0 

1  3.92?        53.5  72.0 

1  4.42#        70.4  70.4 

1  4.954        79.8  60.6 


ohms        Tg*" 

26.45  700.0 

19.71  308. C 

15.92  254.0 

10.59  106.0 

7.56        57.2 

3.41        11.7 

7.52        56.0 

9.87         98.2 

11.20  125.5 


B 
ohms 


0.231 

0.332 
0.372 
0.415 
0.436 
.  187 
0.875 
0.855 
0.834 


YL 
ohms 


0.983 
0.802 
0.842 
0.799 
0.778 
0.327 
0.339 
0.359 
0.380 


H 

ohms 


34.504 
34.403 
34.363 
34.320 
34.299 
33.844 
33.856 
33.875 
33.637 


tar.  9 

0.01526 

0.00848 

0.00558 

0 . 00233 

0.00125 

-0.00026 

-0.00126 

-0.00218 

-0.00279 


:^p 


Rs     3u+r 
ohms    ohms 


Rg+S 

ohms 


True 

Ratic   Ratio 


52.5'  34.504  33.624  34.509 

29.2'  34.403  33.725  34.408' 

19.2'  .34.363  33.765  34.368 

8.0'  34.320  33.808  34.325 

4.3'  34.299  33.829  34.304 

-0.9'.  34.284  33.844  34.289 

-4.3'  34.272  33.856  34.277 

-7.5'  34.252  33.876  34.257 

-9.6''  34.231  33.897  34.236 


33.674  •  10.248  1.0248 

33.775  10.194  .  1.0194 

33.815  10.164  l.i 

33.058  10.136  1.0138 

33.879  10.125  1.0125 

33.894  10.115  1.0116 

33.906  10.109  1.0109 

33.926  10.098  1.C098 

33.947  10.085  1.0  II 


2 

0.91* 

182.3 

'  17.9 

25.  60 

657.0 

0.219 

0.995 

34.516 

0.01431 

2 

1.49* 

132.1 

26.1 

16.52 

344.0 

0.317 

0  B97 

34.410 

0.00753 

2 

1.90* 

104.0 

30.1 

14.59 

213 . 0 

0.367 

0.845 

34.366 

0.00456 

2 

2.59 

■  63.5 

34.4 

0.92 

79.9 

0.418 

0.796 

34.317' 

0.00175 

2 

2.08*' 

41.6 

35.5 

5.83 

34.1 

0.432 

0.702 

34.303 

0.00075 

2 

3.487f 

72.1 

.5.44 

29.7 

0.876 

0.330 

33 . 

-0.00066 

2 

3.9 

57.9 

71.3 

8.15 

55.5 

0.867 

0.347 

33.064 

-0.00148 

2 

4.42# 

72.3 

70.2 

10.14 

103.0 

0.852 

0.362 

33.879 

-0.00229 

2 

4. 

81.2 

69.5 

11  ."40 

130.0 

0 .  844 

0.370 

33.887. 

-0.00288 

49.2'  34.516  33.612  34.521 

25.9'  34.418  33.710  34.423 

15.7'  34.356  33.760  34.371 

6.0'  34.317  33.811  34.322 

2.5'  34.303  33.825  34.308 

-2.1'  34.273  33.855  34.278 

-5.1'  34.264  33.864  34.269 

-7.9'  34.249  33.879  34.254 

-9.8'  34.241  33.607  34.246 


33.662  10.255  1.0255 

33.760  10.197  1.0197 

33.810  10.166  1.0166 

33.861  10.136  1.0136 

33.875  10.128  1.0128 

33.905  10.110  1.0110 

33.914  10.107  1.01C7 

33.929  in. 096  1.0096 

33.937  10.091  1.0091 
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The  following  data  sheet  gives  the  results 
of  tests  of  the  phase  angle  and  current  ratio 
of  a  Westinghouse ,  40/5  ampere,  style  #8307A, 
switchboard  series  transformer. 

The  valuer  of  the  resistance  A,  Rp ,  and 
Rs  were  calculated  as  follows: 
D  =  £8.109  ohms. 
A  =  (l+5+10+£0)  ohms. 

A  =  0.977+4.987-1.9.982+19.943  =  35.909  ohms. 
Rp  =  D+e+d+c+M+K  = 

£8. 109+0. 046+0. 060+0. 014+5. 341+K  = 
(33.570+K)  ohms. 
Rs  =  A+f +N+b+a+B  = 

35. 909+0. 01£+5. 403+0. 0£8+0.0£6+B  = 
(41.378+B)  ohms. 
C  =  £  microfarads. 
Frequency  =  60  cycles. 

Connections  during  this  entire  run  were 
as  shown  in  Pig. 4. 
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Ammeter   r.,     B 
Reading   en.    si  . 


ohms 


rS 


ohms 


K 

ohms 


Dhma 


t 


Rs 


Rp+P 


Rs+S 

ohms 


True 
Ratio 


1.5Q  200.0  81.8  28.11  791.0  0.987  0.227  3.3.797  0.01760  60.5 

J.00  180.8  83.0  25. .40  047.0  1.006  0.206  .33.775  0.01439  49.5 

2.50  159.7  84.8  .22.45  504..0  1.010  0.196  33.766  0.01122  36.5 

3.00  143.0  86.0  20.10  404.0  1.044  0.170  33.740  C.'00902  31.0 

3.50  130.2  87.3  18.29  335.0  1.060  0.154  33.724  0.0074-5  25.6 

4.00  116.9  '87.8  16.42  271.0  1.068  0.146  33.716  0. 00605  20.7 

4.50  102.7  88.8  14.42  208.0  1.078  0.135  33. 706' JO. 00464  1C.0 

5.00  93.0  89.9  13.07  171.0  1/091  0.122  33.693  0.00382  13.1 


42.365  33.802  42.415  7.9£ 

42.386  33.781  42.436  7.9605 

42.396  33.771  42.445  7.9562 

42.422  33.740  42.472  7.9452 

42.43d  33.729  42.488  7.9365 

42.446  33.721  42.496  7.9351 

42.4d6  33.711  42.506  7.9309 

42.459  33.698  42.519  7.9254 
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Calculations 

The  value  obtained  for  the  phase  angle 

is  calculated  from  the  formula, 

2 
BX 


tan  G  =: 


Carrying  this  formula  thru  for  the  first  point 
in  the  first  run 

rs  =  188.3  cm.  or  188-5  28.060 
S  200 

=  19.0  ohms 
R  =  33.521+  K  =  33.521+. 983  =  34.504 

x  -   1   -  — —  =  1,326  ohms 

2irfc   27T-60-2 

Substituting 

19  0^ 

tan  6  =  — =  -01526 

34.504-1326 

9  =  52.5' 

The  ratio  of  transformation 

n  . .     S  (Rp+P) 
Rat  io=  - 


P  (P.s-cS) 
S  =  0.050  ohms       P  =  0.005  ohms 

3p  =  33.521+K  =  34.504 
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Rs  =  33.393+B  =   33. 393+-—-  1.214 


Therefore 


19 

Too 

=  33.624 


_  ..     .050  (34.504+-.  005)    ..  .._ 
Ratio  = =  10.248 

.005  (33. 624+. 350) 


True  Ratio  __  10.248 
Harked  Ratio     10   -1-0248 


f-  si 


Phase  Angle:  &  Current  rat/o   Test  oe 
west/nghol/se   portable    series 
Tram  s  forme  r  ■ 


? 


Phase  angle  &  Current  Ratio  Test  of 
Westinghouse   Switchboard  Series 
transformer 


0 

§01 


Secondary    Current 


F/G  6 
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PRECAUTIOUS 

The  degree  of  accurracy  in  this  method 
practically  depends  upon  the  sensitivity  and 
adjustment  of  the  vibration  galvanometer  used. 
In  this  regard  the  following  precautions  should 
be  kept  in  mind. 

1.  The  damping  out  of  all  mechanical 
vibration.   The  type  of  suspension  used  in 
our  case  was  very  effective.   It  is  very 
essential  for  permanency  that  the  rubber 
used  should  be  of  a  good  quality. 

2.  The  elimination  of  the  effects  due 

to  fields  produced  by  power  conductors.  The 
high  current  carrying  transformer  should  be 
placed  at  least  twenty  feet  from  the  gal- 
vanometer.  Duplex  leads  should  be  used 
wherever  possible,  and  all  leads  placed 
perpendicular  to  the  plane  of  the  galvan- 
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ometer  coil.   An  iron  galvanometer  shield 
would  eliminate  this  trouble,  thus  making 
it  possible  to  keep  the  apparatus  close 
together. 

3.  The  adjustment  of  the  galvanometer 
coils  for  zero  reading.   TJith  the  two  coils 
in  series  and  the  windings  differentially 
connected,  the  galvanometer  should  give  a 
zero  deflection.   The  adjusting  turn  should 
be  used  to  correct  for  any  unbalance. 

4.  The  maximum  sensitivity  of  the  gal- 
vanometer should  be  maintained.   The  fre- 
quency of  the  test  current  should  be  kept 
constant  and  the  deflection  of  the  galvan- 
ometer for  a  known  current  thru  the  coils, 
should  be  checked  at  different  times  during 
the  test. 

Care  should  be  taken  that  all  leads  in 
the  bridge  circuit  are  accurately  measured. 
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All  unnecessary  connections  in  this  circuit 
should  be  avoided  and  contact  resistances 
kept  as  low  as  possible. 

The  test  transformers  should  be  careful- 
ly demagnetized  before  the  run  is  started. 
The  results  of  the  second  run  on  the  first 
transformer  show  the  effect  of  residual  mag- 
netism upon  the  phase  angle  and  the  ratio  of 
transformation. 
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CONCLUSIONS 

Accuracy 

With  careful  work,  the  current  ratio  may 
easily  lie  determined  with  an  accuracy  of  0.03 
of  one  per  cent.   This  will  depend  upon  the 
care  in  taking  readings  and  in  calibrating 
resistances. 

The  error  in  the  measurement  of  the  phase 
angle  should  not  exceed  one  minute.   However, 
if  no  correction  is  made  for  the  inductance  of 
standard  shunts,  a  constant  error  of  several 
minutes  may  "be  introduced. 

Advantages  of  Method 

The  method  here  described  was  developed 
with  the  primary  object  of  eliminating  the 
variable  standard  non-inductive  resistance 
which  is  generally  used  in  the  secondary  load, 
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as  this  resistance  is  hard  to  obtain. 

The  method  of  using  a  condenser  to  obtain 
the  quadrature  current  will  in  most  cases  be 
an  advantage  over  the  building  of  a  standard 
mutual  inductance  or  the  purchase  of  a  phase 
shifting  transformer,  as  used  in  other  methods. 

Where  a  vibration  galvanometer  of  the 
moving  needle  type  is  available ,  the  only  spe- 
cial apparatus  required  is  the  slide  wires  and 
differential  coil. 

The  method  is  fast,  accurate  and  simple. 

Limitations 

This  method  is  practically  unlimited  in 
its  use.   The  only  factor  which  will  govern 
this  is  the  value  of  the  phase  angle  to  be 
measured,  as  compared  with  the  available  cap- 
acity.  With  a  phase  angle  of  several  degrees, 
and  a  small  condenser  capacity,  the  value  of 
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R  in  the  equation 


tan  0  =  -|—  = 


r.c.2    rc-2 


s 


XR    27rfCR 

may  "become  so  large  as  to  cut  down  the  galvan- 
ometer current  to  a  point  where  the  sensitivi- 
ty is  too  low.   However,  the  angle  rarely 
reaches  this  high  value. 

Other  Possibilities  of  This  Method 

By  the  use  of  similar  apparatus  with  high 
resistances,  the  above  method  may  be  adapted 
to  the  testing  of  potential  transformers.  As 
yet  no  attempt  has  been  made  to  try  out  this 
method. 
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